The acyl-acyl carrier protein thioesterase B1 from Arabidopsis (AtFATB1) was previously shown to exhibit in vitro hydrolytic activity for long chain acyl-acyl carrier proteins (P. Dö rmann, T.A. Voelker, J.B. Ohlrogge [1995] Arch Biochem Biophys 316: 612-618). In this study, we address the question of which role in fatty acid biosynthesis this enzyme plays within the plant. Over-expression of the AtFATB1 cDNA under a seed-specific promoter resulted in accumulation of high amounts of palmitate (16:0) in seeds. RNA and protein-blot analysis in Arabidopsis and rapeseed (Brassica napus) showed that the endogenous AtFATB1 expression was highest in flowers and lower in leaves. All floral tissues of wild-type plants contained elevated amounts of 16:0, and in the polar lipid fraction of flowers close to 50 mol % of the fatty acids were 16:0. Therefore, flowers contain polar lipids with an unusually high amount of saturated fatty acids as compared to all other plant tissues. Antisense expression of the AtFATB1 cDNA under the cauliflower mosaic virus 35S promoter resulted in a reduction of seed and flower 16:0 content, but no changes in leaf fatty acids. We conclude that the AtFATB1 thioesterase contributes to 16:0 production particularly in flowers, but that additional factors are involved in leaves.
Plants contain a variety of membrane and storage lipids, and in each lipid, a number of different fatty acids is found. In most tissues, fatty acids only differ with regard to their chain length and the number of double bonds, but the physiological role of the different fatty acids as well as their different combinations found in glycerol lipids is not completely understood. It is clear that the composition of membrane lipids is tightly regulated. Depending on the growth temperature, a specific ratio of saturated to unsaturated fatty acids is maintained within the membranes of the different organelles. The balance of saturated (mostly 16:0) to unsaturated fatty acids (e.g. 16:3, 18: 3) in membrane lipids is important for chilling sensitivity, whereas saturated fatty acids are required for membrane stability under normal and elevated temperatures (Gibson et al., 1994; IshizakiNishizawa et al., 1996) . In addition to their role in membranes, saturated fatty acids, in particular 16:0 or 18:0, are elongated in some tissues to very longchain fatty acids that serve as precursors for the biosynthesis of wax esters and other surface lipid components (Post-Beittenmiller, 1996) . Palmitate (16:0) is the predominant saturated fatty acid found in plant membrane lipids and is derived from the de novo fatty acid biosynthesis pathway inside the plastid (Ohlrogge et al., 1993) . Control of fatty acid unsaturation is now understood to occur through the regulation of the activity and expression of the plastidic ⌬9 and the membrane bound desaturases (Slocombe et al., 1994; Berberich et al., 1998) . However, because saturated fatty acids once exported from the plastid are not believed to be further desaturated, the control of saturated fatty acid content in plants most likely resides in the plastid. More than one enzyme is involved in the release of 16:0 from 16:0 acyl carrier protein (ACP) and its incorporation into lipids. 16:0 may be directly transferred onto glycerol-3-P inside the plastid leading to the synthesis of the so-called prokaryotic lipids. Of the two transferases involved, the second (acyl-ACP:1-acyl-glycerol-3-P acyltransferase) was found to prefer 16:0-ACP (Frentzen et al., 1983) . The acyl groups of acyl-ACP can also be released by a thioesterase and subsequently exported from the plastid to the endoplasmic reticulum (eukaryotic pathway). These fatty acids are incorporated into extraplastidial lipids or are re-transported to the plastid for the biosynthesis of plastidial polar lipids. Because the prokaryotic 16:0 transferred to glycerol in the plastid is to a large extent desaturated to hexadecatrienoate (16:3) in Arabidopsis, the major proportion of 16:0 is therefore found in eukaryotic lipids and is derived from the action of one of the acyl-ACP thioesterases.
Initial study of plant acyl-ACP thioesterases led to the characterization of enzyme activities that were predominantly active on oleoyl-ACP with substantially less activity toward other acyl-ACPs (e.g. Ohlrogge et al., 1978; Knutzon et al., 1992) . Later examination of species that produce high levels of medium-chain fatty acids in their seeds led to the discovery of seed-specific medium-chain acyl-ACP thioesterases (Pollard et al., 1991; Voelker et al., 1992) . When DNA sequences became available for both oleoyl-and medium-chain-specific thioesterases, these sequences were found to fall into two classes. An initial surprising observation arose when an expressed sequence tag from Arabidopsis, a species that does not contain medium-chain fatty acids, was found with a cDNA sequence most highly related to the medium-chain type thioesterases. After expression in Escherichia coli, this cDNA was shown to encode a thioesterase active in vitro with 16:0 Ͼ 18:1 ⌬9 Ͼ 18:0 Ͼ 14:0-ACP (Dö rmann et al., 1995) . Further examination of a large group of thioesterase sequences and their expression in transgenic plants or E. coli led to the designation of the FATA and FATB classes of acyl-ACP thioesterases, which are predominantly active on oleoyl-or saturated acyl-ACP substrates, respectively (Jones et al., 1995; Voelker, 1996) . The FATA class appears to be expressed ubiquitously in all plant tissues and is responsible for the major acyl-ACP thioesterase enzyme activity detected in plant extracts. Although FATB enzymes are often seed specific where they account for the production of medium-chain fatty acids in species such as California Bay or Cuphea, the AtFATB1 was found in leaves, roots, and siliques (Dö rmann et al., 1995) . We previously speculated that the AtFATB1 might be responsible for the control of 16:0 levels in Arabidopsis, however no direct evidence for such a general role of AtFATB1 was available. In this study we have examined the expression pattern of AtFATB1 in detail and constructed transgenic plants with different expression of the AtFATB1 thioesterase. These experiments allowed us to examine the in planta activity of the AtFATB1 enzyme and its acyl-ACP substrate specificity. Arabidopsis represents a species with a "normal" fatty acid pattern (i.e. accumulates predominantly 16-and 18-carbon fatty acids). Therefore, results obtained with Arabidopsis can be extended to other plants and may help to explain how plants control the balance of saturated to unsaturated fatty acids.
RESULTS

The AtFATB1 Gene Product Is Active with 16:0-ACP in Vivo
After expression in E. coli, the recombinant At-FATB1 thioesterase (clone TE3-2) was previously shown to be highly active with 16:0, 18:1 ⌬9 , 18:0, and 14:0-ACPs (Dö rmann et al., 1995) . In an attempt to elucidate its in vivo specificity, the AtFATB1 cDNA was expressed in Arabidopsis under the control of the seed-specific rapeseed napin promoter. We screened 55 transgenic T 0 lines for their 16:0 content in the T 1 seeds. Three lines with an increased amount of 16:0 were selected. The growth of the transformed plants was indistinguishable from wild type. Fatty acid analysis of batches of whole seeds revealed that the amount of 16:0 in these lines was increased severalfold from about 10.0 mol % in wild-type control plants to up to 38.6 mol % (Table I) . Along with the increase in 16:0, an increase in myristate and stearate was observed. The amount of desaturated fatty acids was accordingly decreased. We also determined the amount of total fatty acids per seed, but could not find a relationship between the increased 16:0 content and alterations in fatty acid content.
AtFATB1 Transcripts Accumulate Specifically in Flowers
By western analysis, the AtFATB1 thioesterase was previously shown to be expressed in Arabidopsis leaves, roots, and whole siliques as well as in developing seeds of rapeseed (Dö rmann et al., 1995) . To obtain a more detailed expression pattern, we did additional northern and western analysis. Figure 1 shows the FATB expression in leaves, different developmental stages of flowers, and floral organs of rapeseed. The expression, both on RNA and protein level, increased during flower development and was high in all floral organs. The expression in floral tissues was much higher than in leaves. In accordance with the expression pattern observed in rapeseed, the AtFATB1 RNA was found to be highly expressed in Arabidopsis flowers and to a lesser extent in leaves and siliques (Fig. 2) . Western analysis of different developmental stages of the reproductive tissues of Arabidopsis indicated that the FATB1 protein expression was highest in flowers.
16:0 Is Enriched in Polar Lipids of Flowers
The strong differences in the AtFATB1 expression pattern observed during northern and western analysis prompted us to analyze the tissue-specific content of its presumptive product, 16:0. Fatty acid analysis of different Arabidopsis tissues revealed a tissue-dependent content of 16:0 between 11 mol % in seeds and 27 mol % in total flowers (up to 29 mol % in petals; Table II ). The 16:0 content in leaves (13.6 mol %) was quite low in contrast to roots, stems, and silique walls. The amount of 16:0 found in different tissues corresponded to the expression of the At-FATB1 gene as observed in northern and western analysis (Fig. 2) . For example, AtFATB1 expression and 16:0 content were high in flowers and all floral organs and in roots, but were low in leaves and seeds. The high amount of 16:0 found in Arabidopsis flowers could be derived from any of the non-polar or polar lipid classes found in plants. We therefore analyzed the total amount of fatty acids as well as the fatty acid composition in the wax, triacylglycerol, and polar lipid fraction of whole flowers (Table III) . The predominant part of fatty acids (4.20 mol g Ϫ1 FW or 79.7% of total fatty acids) was bound to polar lipids. Smaller amounts of fatty acids were found in the wax and triacylglycerol fraction. Although all three lipid classes contained elevated amounts of 16:0, the amount was highest in the polar lipid fraction (48.6%).
Alterations in AtFATB1 Gene Expression Lead to Tissue-Specific Changes of 16:0 Content
The expression pattern of the AtFATB1 gene in different Arabidopsis tissues apparently was related to the content of 16:0 in the given tissue. To address the question to which extent the AtFATB1 thioesterase is involved in the production of 16:0, Arabidopsis plants were transformed with an AtFATB1 construct in antisense orientation behind the cauliflower mosaic virus (CaMV) 35S promoter. This promoter gives rise to constitutive gene expression, and in Arabidopsis, it has been described to be active in most tissues, particularly in leaves, but to show comparatively weak activity in seeds (Eccleston and Ohlrogge, 1998) . A total of 50 transgenic T 1 lines was analyzed. We first screened the plants by measuring fatty acid composition of single leaves, but were unable to detect any plant with alterations in 16:0 content. By screening for alterations in seed fatty acid composition, we selected three lines that showed a reduction in seed 16:0 content form 11% to 6% (Fig. 3B) . The plants of these three lines did not show any visible phenotype. These transgenic lines were submitted to fatty acid analysis in flowers, roots, and leaves. We found a considerable reduction in 16:0 in flowers, but only minor changes in roots or leaves (Fig. 3, A, C,  and D) .
The AtFATB1 thioesterase is involved in the release of fatty acids from ACP, which are subsequently exported from the plastid and incorporated into eukaryotic lipids. Because different leaf lipids are known to contain fatty acids derived from either the prokaryotic or the eukaryotic pathway, we considered the possibility that in the leaves of the transgenic plants, the 16:0 content of eukaryotic lipids might be different than that of the prokaryotic lipids. Therefore, the polar lipids from leaves of the three selected antisense lines were separated by thin-layer chromatography and quantified by gas-liquid chromatography. We could not find any change of 16:0 content in mono-and digalactosyldiacylglycerol, sulfolipid, phosphatidylcholine, and phosphatidylglycerol (data not shown). In particular, we did not find any reduction of 16:0 in phosphatidylethanolamine, which is a polar lipid known to contain fatty acids entirely derived from the eukaryotic pathway and which is localized outside the plastid (Fig. 3E) . 
DISCUSSION
By expression in E. coli, the AtFATB1 cDNA was previously shown to encode a thioesterase with high activity toward long-chain acyl-ACPs (Dö rmann et al., 1995) . Both in vitro assays and the quantification of the free fatty acids accumulating within E. coli demonstrated that the AtFATB1 enzyme preferably cleaves 16:0-ACP. This pattern was quite different from the in vitro acyl-ACP thioesterase activity of Arabidopsis extracts and also from the AtFATA1 cDNA clones, which are predominantly active with 18:1-ACP and only show a moderate activity with 16:0-and 18:0-ACP (e.g. Knutzon et al., 1992) . Thus, the in planta role of AtFATB1 thioesterases was unclear. To elucidate the specificity of the AtFATB1 thioesterase in planta, we overexpressed the respective cDNA in Arabidopsis seeds. A major increase in the amount of 16:0 was observed (from 10%-39%), which clearly demonstrates that the AtFATB1 enzyme is highly active in planta toward 16:0-ACP. In addition, slight increases in myristate and stearate were observed. The increase in 18:0 may be due to an increased hydrolysis of 18:0-ACP by the AtFATB1 enzyme or by the elongation of 16:0 at the endoplasmic reticulum. In contrast to in vivo production of myristate by the enzyme expressed in E. coli, we detected only minor levels of myristate in the transgenic Arabidopsis seeds. At this point we can only speculate that this may be due to inaccessibility or a very small pool size of 14:0-ACP. Our results upon the expression of the AtFATB1 in seeds are similar to those obtained when a 16:0-ACP-specific thioesterase cDNA (ChFATB1) isolated from the medium-chain fatty acid accumulating species Cuphea hookeriana was expressed in canola seeds (Jones et al., 1995) . The discovery of a thioesterase in Arabidopsis with in vivo activity for palmitoyl-ACP confirmed the hypothesis by these authors that a 16:0-ACP-specific thioesterase might be ubiquitous to all higher plant species.
The AtFATA1 thioesterase is most active with 18:1-ACP, but also shows some activity with 16:0 and 18:0-ACP. Why then would Arabidopsis contain a second thioesterase producing 16:0? To address this question, we first analyzed the tissue-specific expression pattern and 16:0 content. The expression of the FATB RNA and protein in Arabidopsis and rapeseed was found to be high in developing and mature flowers and in all floral organs. Expression was comparatively low in seeds and leaves. We observed a corresponding distribution of the 16:0 content in different tissues, i.e. we found high levels of 16:0 in total flowers and flower organs, lower amounts in roots, and lowest amounts in leaves and seeds. Elevated amounts of 16:0 in different floral organs have previously been described (e.g. Matsuzaki et al., 1983; Evans et al., 1990) . We could furthermore demonstrate that all floral tissues contain high amounts of 16:0, and that this fatty acid is particularly enriched in the polar lipid fraction. The polar lipid fraction of Arabidopsis flowers contains close to 50 mol % 16:0. This means that every second fatty acid in the polar lipids of flowers is saturated, which may impact the fluidity of the corresponding membranes. Furthermore, the correlation between AtFATB1 expression and 16:0 content in the different tissues indicates that the high amount of 16:0 found in flowers might be a result of AtFATB1 activity.
To substantiate this hypothesis, we constructed transgenic plants with a reduced AtFATB1 expression by introducing a CaMV 35S promoter antisense construct. The plants were screened by GLC for alterations in 16:0, the presumed product of the At-FATB1 enzyme. Because the AtFATB1 signals in northern and western blots were quite weak in the wild type and in the selected antisense lines, it was not possible to quantify the reduction in mRNA level or protein (data not shown). Because the thioesterase activity with 16:0-ACP in leaf tissue is very low and presumably represents the enzymatic activity of both the FATB1 and the FATA1 protein, we did not consider that enzyme assays would give any further information on the down regulation of the FATB1 activity. For these reasons, we cannot make any conclusions on the residual activity of the FATB1 enzyme, which might still be present in the different antisense lines.
In the transgenic lines, we found a strong reduction of 16:0 in flowers and seeds, but only minor changes in roots and leaves. The decrease of 16:0 in flower and seed lipids clearly demonstrates, that at least in these tissues, the AtFATB1 enzyme is actively involved in the biosynthesis of 16:0 (Kinney, 1996) . The strong reduction (from 11-6 mol %) found in seeds is somewhat unexpected considering that the expression of the antisense construct was driven by the CaMV 35S promoter, which is not highly active in plant seeds (Eccleston and Ohlrogge, 1998) . Seeds are rich in triacylglycerol, which contains fatty acids entirely derived from the eukaryotic lipid biosynthetic pathway. Since the AtFATB1 thioesterase supposedly is one of the enzymes that channel acyl groups into the eukaryotic pathway, a strong impact of changes in its activity on the 16:0 content of extraplastidial lipids such as triacylglycerol would be expected.
Although the 35S promoter gives rise to strong expression in leaves, we did not find any difference in the 16:0 content of total fatty acids in leaves of the transgenic plants. In addition, we analyzed the fatty acid content of each of the polar leaf lipids and could not find a difference in 16:0. Even more puzzling, the 16:0 content of one of the major extraplastidal lipids (phosphatidylethanlolamine) remained constant. Because we saw a clear antisense effect on 16:0 in flowers and seeds of the very same transgenic lines (Fig.  3) , we assume that in leaves, the AtFATB1 enzyme is not the major controller of flux into 16:0. Possibly, the reduction in FATB1 gene expression was strong enough to reduce the amount of 16:0 in flowers and seeds, but the residual FATB1 enzyme activity might still be high enough to sustain 16:0 production in other tissues. Furthermore, alternative pathways, such as the AtFATA1 thioesterase activity with 16:0-ACP, may contribute to the control of 16:0 production for the incorporation into extraplastidal leaf lipids. Over-expression of this enzyme in seeds has been shown to increase palmitic and stearic acid levels (Hitz et al., 1992) . By overexpressing the Bay 12:0-specific thioesterase behind the CaMV 35S promoter in transgenic rapeseed plants, it was shown that laurate was produced by chloroplasts, but did not accumulate in leaf lipids. This result was attributed to the degradation of laurate by ␤-oxidation (Eccleston et al., 1996) . However, because 16:0 represent a "normal" membrane fatty acid, it seems less likely that ␤-oxidation plays a major role in the maintenance of the 16:0 content in Arabidopsis leaves.
In conclusion, we have shown that the AtFATB1 thioesterase reveals a tissue-specific expression pattern in accordance with the 16:0 content. The At-FATB1 enzyme is involved in the production of the 16:0 in flowers and seeds. Finding a second thioesterase (AtFATB1) specific for 16:0 production and very high amounts of this fatty acid in polar lipids of flowers, leaves us with the question of whether there is a specific physiological role for 16:0 in flowers. 
